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Abstract. A detailed meteor flux analysis is presented of a seventeen-minute portion of
one videotapegollected on Novembet8, 1999, during the Leonid Multi-instrument
Aircraft Campaign. Thelatawas recordedaroundthe peak ofthe Leonid meteoistorm
using an intensifie€CD camerapointed towardshe low southern horizorPositions
of meteors on the skyere measuredThese measuredmeteor distributionswere
compared to avionte Carlo simulation, which is aew approach toparameter
estimation for mass ratiandflux. Comparison of simulated flux versobservediux
levels, seen between 1:50:00 and 2:06:41 UT, indicate a magpitpdéationindex of

r = 1.8 + 0.1landmass ratio of s = 1.64 + 0.06. Tlweragespatial density of the
material contributing to the Leonid storm peak is measured at 0.82 ip@rfiles per
squarekilometer per hour for particles of at least absoluteual magnitude+6.5.
Clustering analysis of tharrival times of Leonidsimpacting theearth’s atmosphere
over thetotal observing interval shows renhancement oclumping down to time
scales of the videframerate. Thisindicates auniformly randomtemporal distribution
of particles in the streamncounteredduring the 1999 epochBased onthe observed
distribution of meteors on the skand the model distribution, recommendations are
madefor the optimal pointingdirections for videacamerameteor countsluring future
ground and airborne missions.

Key Words: Clustering, flux, fragmentationLeonids 1999, meteor,meteoroid,
optimal video pointing, satellite impact hazard, simulation
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1. Introduction

The spatial number density of particles in the Leonid meteor stream is of
paramount concern to tHe.S. Air Force andNASA, as well asother
satellite operators. The 1999 Leonid shower wasnticipated to cause
severalorders ofmagnitude increase in the populationfast meteoroids
for satellitesexposed tdhe shower(Jenniskenset al., 1998). Neareal-
time reporting systems were set up globally to prointeediateaccess to
the severity of the meteor storm during the period of the shower (Bebwn
al., 2000). The NASA andUSAF sponsored.eonid Multi-Instrument-
Aircraft Campaign participated ithnis effort by providing neareal-time
meteor counts to satellite operators worldwide (Jennisiieals, 2000a).

An accurate calibration dfuxes andthe measurement of the meteoroid
size distributionshowever,demands an after-the-fact analysisjolving
the datgprocessing of/ideotapes collectedrom eight cameras taken on
three consecutive nights of data gathe(irgnnisken®t al., 2000b). Such
work is also needed to reveal size-dependent dispersions in the shower and
possible non-statistical fluctuationiBat can be traced back to particles
breaking up in space (Jenniskens and Butow, 1999).

This paper presents an analysis @haall time intervalfrom just one of
the tapes recordedlhis analysis includes a comparison tomgteor
simulation model in order to derive key meteor shower paransietsas
massindex and spatial number density. In comparisargh parameters
have in thepast been determingdrough measured counts amégnitude
binning with correction factors applied to accouor various geometric
effects (Koschack, 1990a; 1990b). Using a simulatioatteampt to match
observed fluxlevels for the derivation ofshower characteristics, is an
alternative approach and one that is new for the meteor community. Monte
Carlo techniquediave beenused inthe past to studythe observational
influences on both the magnitude distribution index and zéwithly rate
corrections (e.g. Van dé&feen,1986; Arlt, 1998). Ourwork significantly
expands on the technique by directly estimating meteor shower parameters
via simulation and measurement comparisons and by including higher
fidelity modeling. The advantages are that inghecess ofmproving the
fidelity of the simulation to match observations, magnitude loss models and
instrument characteristics are refined that help to characterizsithibty
and flux of the shower under differeviewing conditions. Based on these
models, recommendatiorfsr bestviewing directions can be made for
future data collection missions using similar techniques. The principal goal
of this work, however, is teestimate the actual spatiabmber density of
meteoroids during the peak flux of the 1999 Leonid storm.
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2. Measured Data Set

The Leonid MACmissioninvolved two aircraft, ARIAand FISTA,flown

in tandem with multiplenstruments onboard famwllecting data on meteor
tracks and trains (Jenniskeeisal., 2000). The videorecord studied here
was takenonboardthe AdvancedRanging and InstrumentatioAircraft
(ARIA), looking due south alow elevation. It wasdesignated AL50R
(ARIA Low elevation 50mm Right). The flight patifor the night of
maximum, November18, 1999, tookthe aircraft on a east-northeasterly
path from Israel tahe Azoresover aperiod of eighthours. The second
tape from the night of November 18 was studied detail because it
contained the imagery during the time of peak storm flux around 2:00 UT.
This partwas also documented byisual inspection of thevideo record,
which provided a baseline for subsequent analysis.

The imaging cameraonsisted of dow f-number objective of 50mm
focal length /1.4 coupled to anAEG multi-channel platesecond-
generation image intensifiérom standardmilitary use "night-goggles”.
The output of the intensifier was recordeih a Sony CCD-TRV65
Handycam Hi-8 camcorder by macro focusing on the Ipadsphorplate
of the intensifier. The camera was pointed through one of the ARIA’'s BK7
optical qualityglasswindows whosedransmission characteristics did not
affect the sensitivity of the camera in the speategion of interest. The
camera performed similarly to thesystems described in Jenniskens
(1999a),with slightly worse coupling of the higher resolution intensified
star imageswith the relatively lowcamcorder imageesolution and a
slightly different distribution of noise levels across the intensifier.

3. Data Analysis Procedure

The data wergecorded on Hi-8mnvideotapeand requireddigitization
prior to performingthe variousanalyses necessary for fl@stimation. A
Scion Corporation LG-3sideo frame grabber installed in a Macintosh
G3/400 MHz computer formed the basis of the imagery analysis hardware.
This systemwas capable of capturingvery frame in thevideo record at
full resolution in real time.

To obtain an accurate estimation of measuhed above the imaging
system’slimiting magnitude it was decided ®void using the automated
meteor detection features of the softwdvieteorScan” written by one of
the authors(Gural, 1999a). Although this softwartypically provides
detection efficiencies approachiB§% ofthe meteors on a singpass of
videotape the software carsuffer from selection effects based @hort
path lengths of meteors atalv detectionprobability near thenoise limit
of the imagery. For the imager chosen, many of the lowetgvation
meteorshave veryshort streaksvhich are difficult to identify as meteors
for the line detectionand moving target detectioralgorithms in the
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software. Thus aninteractivehuman detector was employ&chich has
been found to beery efficient atmotion detection ofrery faint objects in
video.

The “MeteorScan” software was modified tdirst digitize several
minutes of imagery and then play it back in @sEondmovie loops for
visual analysis. This required some speqgmlrpose software just to
digitize the data since writing video streams to disk flwaad to beslower
than real time.Thus fourseparatgasses othe tape wereequiredwith
25% time overlap of one-second sequences. Tese latersynched up,
via aspatial image correlation, on tiebanges in theecondsharacter of
the superimposed time stamp.

Eachsecond ofvideo wasreplayed continuously sthe user hadmany
looks atthe imagery to determine if a meteor existed. In addition to the
raw imagery display, theisercould alsoexamine the difference frames,
where a moving tracktands ouimore clearlyabove thenoise. Once a
track was identified, thaserwould position acursorover thebeginning
and ending pointsmouseclicking to define the meteor start astbp
positions. The track would be marked on the screen so that during the next
one second of time overlapped video, the user would not repeat the count of
the same meteor. After sequencthgough roughly fiftyseconds ofideo
or oneCD’s worth, theselected tracks would beprocessed in higher
fidelity to refine estimations of begin and end points, apparent angular
speed, integrated intensity, and frame of gaadhtness. The refinement
was done by applying a matched filter alongrieteor’'spath andvarying
four track parameters in a downhill simplex seafdn the maximum
likelihood ratio. This provided the best fit of a propagating line tovitieo
sequence of images.

Only thosemeteors thahad an end pointithin the camera’sfield of
view were countedthus definingthe effectivefield of view (Jenniskens,
1999a). It is necessary talibrate the field ofview to convert pixel
coordinates fothe endpoints toazimuthandelevation in arearth inertial
coordinate system centered on the imager. Thisdeas atthe beginning
of eachperiod of fifty seconds usingeveralkknown stars inthe field and
applying the astrometry algorithms of Steya@®90). Inputs to this
processwere the ARIA’s position in latitude, longitude,and height
obtainedoff recorded logs fronthe GlobalPositioning System. For the
AL50R, thefield of view wasfound to bestable to withinplus or minus
one degree for thitme intervalstudied. The azimuthand elevation of the
image center(Figure 1 and 2yvavered littleexceptfor a aircraft turn of
three degrees at 1:54 UT. Thie elevation was deemsthble enough to
be able tdbin meteorcounts inelevation without having to calibrate each
individual image frame.
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Figure 1. Image center elevation as a function of time. Note the relatively stable
imager pointing during the data analysis interval.
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Figure 2. Image centemzimuth as a function of time. The ARIaircraft
executed an azimuth adjustment of three degrees at 1:54 UT.

4. Results
4.1. SATIAL DISTRIBUTION
In total therewere 1512 meteors identified on the AL50Rdeotapefrom

1:50:00-2:06:41 UT ofvhich 99.2% were Leonids. A plot ofthe end
point positions inazimuthand elevation(Figure 3)after the aircraft turn
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showsthe elevatedcounts neathe horizon as onoks through darger
atmospherioczolume. This high count of meteors kiw elevation is a key
advantage to flying at high altitude. This was first recognized and came as a
surprise during the 1998 Leonid MAC mission (Jenniskens, 1999b).
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Figure 3. End point positions of AL50R meteomscordedbetweenl:54:53 UT
and 2:06:41 UT.

The response of the imager is fairly uniform acrosazimuth over almost

the entire field ofview. This bodeswell for not having to correct for
imager sensitivity or lens vignetting in the lateralysis. Alack of meteors
seen in the lower right corner can be accounted for by the interference from
the superimposed time stamp that blocked the visibility of meteors from the
user inthat portion of the field ofview. The sloped edge othe field of

view atthe lowest elevatiorangles is a result of theameramounting
alignment and pitch up of the aircraft relative to the local horizon.

4.2. TEMPORAL DISTRIBUTION
Examination of the raw videoounts versugime during the time of the

storm’s peak, shows a fairly flat flux profile (Figurewlijh activity in the
AL50R field of view averaging 80 meteorger minutewith severalbursts
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of activity as high as 110 meteors per minute. At thesémond resolution
scale(Figureb5), it is apparent that aelatively constant backgrounigvel

seems to be punctuatedth flux ratesthat can nearly\double over very

short observation times. These possible waves of meteors deserve attention
in future analysis othe remainingvideorecords fromthe other cameras.
Please note that the flux estimation made in the latter part of thisvatper
represent araveragelevel over theperiod of time analyzed andshould
include thecaveatthat waves of meteoroids can easily raise the spatial
number density on a short time basis.
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Figure 4. Raw Leonid video counts versugime at aone minute
resolution.
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Figure 5. Raw Leonid video counts versusime at a tensecond
resolution.

4.3. METEOR TRAIL PROPERTIES

It was first thoughtthat the largerdistances to those Leonids near the
horizon would result in the detection of a smaller part of rieteor
trajectory. The issue iat themeteor’slight curvehas a brightening and
fading temporalesponse anthe dimmer begin and embintswould be
invisible due to extinction and distantesses. Thus wevould expect the
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trail lengths to be more foreshortened thhaoretically predicted. We
examined the observed traédngths and comparethem to theoretical
valuesbased ortypical Leonidbeginning and end height$he heights
chosenwere based on extrapolation of photographic beginning heights
suggesting a beginninigeight of only108 km.whereas the typical end
point of Leonids have been found to have a height of 9%3Jemnisken®t

al., 1998; Brownet al, 2000). Ofcourse, beginning and end heights are
derivedfrom meteors observed ahortrange (highelevationangle) so
relating thelow elevationobservations to thehorter-range measurements
of the past can be problematic.
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Figure 6. Visible meteor trailengths versuglevationcompared to
typical Leonids with beginning heights of 108 km. arehding
heights of 95 km. for the AL50R #te time ofpeak flux. The dots
are measuredrail lengths fromthe video and the gray area
represents expected values gieseragd_eonid parametersver the
entire field of view.

From the measured positionstbé meteor begin and epaints inimage
coordinates and the calibration of the fieldvaw in stellar coordinates,
one can determine radiant distance and the measigsibtk trail length
presented to thiow elevation imagefFigure 6). Apredicted set ofrail
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lengths can be defined by using an average beginning height édril G

end height of 95 km, and solving for the geometric lengths presented to all
positions inthe AL50R field ofview for the appropriate Leonid radiant
position. This was done for the ARIA’s position at 2:00 UTNovember

18, 1999. It can be seen that the measured meteor trail lengths (dots) fall in
and around the average predicted Leonid valgesy area)The spread in
measuredvalues iscaused by both a distribution of begin heights and
missing components of the fainter tracks due to distance.

n <Hb>=112 km

:\ L L L L L L ® <He>=97 km
140 — | L) m
= ; ) H E
Ewmo .7 e 5 :
% E o i o E
= — B . & —
% 120 - ‘.!,:]éc_-t,' - El'«f?._:-;-:' -.::l - > & .
r - T e o - i
° — T (9';:& 3 21 =
€ 110 ol & . ]
h B Y Gl Y e g g .
5 - qr?b ﬁmﬁiﬂﬁ%; %)3: AP
S BoBeaLS 5 o0 el o
g Rafvaplelt AWl o
m L L) D0 ® i
90 — o0 _ o . 9 e e .. L ]
- e T ° é
<o J I T Y Y O A R N
0 5 10 15 20 25 30

End-Point Elevation Angle (deg)

Figure 7. Leonid beginning and ending heights based on single station estimates
showing similarity to published valuesd noapparent trendwvith elevation
angle. Shown is a set of 172 meteors wharsgular velocitiesvere measured
more precisely representiradl meteorsobserved betwee:59:48 and 2:01:19

UT.

To double check the beginning and end heights chosen, oneseaa
single station formulation for Hand H, since we know the entmelocity
for Leonids (71km/sec), thesensoraltitude (11.0 km), thedistance of the
track fromthe radiantand the apparent anguleglocity w. We first re-
evaluated the angular velocity more accuratelyafiometeorsover aperiod
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of one and a half minutes centered near 2:00 UT, and computed the heights
using a ground based formul@ural, 1999b)correctedfor high altitudes.

R is the earth’s radius and ., the sensor altitude.

H=[R+Hewo)’ + 2 (R+Hened) | a1 sin(Elevation) +[§1*-R (1)
where:

| g| =V sin( Radiant Distance ) d(rad/sec) (2)

The formula isvalid for any point along themeteor’strack but suffers

from larger errors as the elevation decreases (+ 2 km at 25 degrees versus
+ 5 km at 5 degrees) fdhe givenangularvelocity accuracy (+0.0065
rad/sec limited by the video resolutionNeverthelessthe mean begin and

end heightsmatch veryclosely to thevalues suggested fromother
published results (Figure 7). There is also no obvious tretiteidata as

a function of elevation anglealthough theerrors associated the low
elevation single station measurements make this somewhat inconclusive.

5. Flux Modeling and Simulation

A Monte Carlometeor influx simulation wadevelopedfor comparison
with the observations. Thebjective was to estimate tispatial density of
meteors from the 199Beonid storm and tdetermine the optimal camera
pointing directions for future data collection missions.

The technique relates thaw observed meteotounts to astatistically
derived sample ofounts based onfaw parameterizeghowervariables.
The statisticafflux levels areobtained by ray tracing simulatedeteor
paths througtrealizable geometryand magnitude losses, and counting
them over aestricted field ofview. This methodavoids some of the
pitfalls inherent in adjusting measured meteounts forperception and
low elevationobservations thabhave beenuseduntil now. However, the
method requires reasonabfjood models formagnitudelosses from
atmosphericextinction, distance fadingand apparent angular speed.
Although theARIA and FISTAlow elevation video data were collected at
an altitude with little to ncextinction loss, the simulation includesich
losses tabetter model observations that could be potentially collected at
any altitude.

The simulation is initialized with a uniformly distributed set of randomly
positioned meteoroids in a three dimensional cylingflegure 8). The
region in space containing the meteoroids is alignét its long axis
parallel to and centered on thebserver'sradiant vector r with the
orthogonal dimensions representithg cross-track orientation. All the
particles areassumed tanove inparallel along the direction with entry
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velocity V,. The cross-section of the particle swarm is taken kangegh

to encompasgvery look direction of an all-skysensorthat intersects a
sphere of radius beginning heigblus Earth’s radius. This defines a
meniscusthat extends to theobserver’'szero elevation horizon in all
azimuth directionsand is assured to hetersected by meteoroids in all
possibleplaces independent of radiaetevation. Themeteoroids are
assumed totravel in straight lines without deceleration along the
atmospheric path. Zenith attraction is not accourfd but can be
neglected in the case of the Leonmwdth high entryvelocities at medium
radiant elevations. Another factor ignoffed this simulation was that the
magnitude is dependent on the entry angle of the metdowever, for
radiant elevations above ten degrees the curvature of the atmospheric cap is
so slight as to cause littieariation inentry angleacrossthe sky at agiven

point in time. Since the period of analysis covered only a degree change in
radiant elevation angle it was deemed unnecessary to model the entry angle
effect at this point.

Figure 8. Geometric model of the meteor simulatidevelopedor the analysis
of observedflux and prediction of best pointing of imagentensified video
cameras. In the lower portion of the figure, the intiegle representthe earth’s
surface surrounded by two concentric circles at the meteor bediencheights.
The cylinder is a three-dimensionalolume in space containing randomly
distributed particlesvhose centrabxis is aligned with the observer'sradiant
vectorr (dottedline). Each particlemoves with the same velocity iparallel
paths indicated by the arrows pointing towards the Earth.
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The meteoroids are randomgssigned amagnitude referenced to a
particle ablating at the zenith 100 kilometers above the earth’s surface. The
magnitude distribution follows from a user-specified magnitude
distribution index (r) and the classic number density formula,

n (magnitude) = N (Pagnitudeim (3)

such thatm is defined as the limiting magnitude and N astttal number
of meteoroids of magnituden. Each meteoroid isay traced to the
intersectionwith the atmosphere and assigned a randoagnitude from
the distribution before anipssesare accountetbr. The value of limiting
magnitude used in the simulation was based on the sessosgivity and
the r-factor was allowed to vary to find the best fit to the observations.

The meteoroidnust passwo visibility criteria before being counted as
“seen” bythe simulated imagingystem. The first criteria, is that the
meteormust beabove theobserver’'s horizon at somgoint along the
visible portion of themeteor’spath. For the elevationcount analysis
defined in the previous sectioonly those meteoraere counted that had
their endpoints visible in the camera’s fieldwdw. Thus forthe purpose
of the simulation, the end height wased aghe definingposition for the
first visibility test. As there can heo solutions forthat point inspace,
entry and exit from the atmosphedap,the position of first entry into the
atmosphere is used in the test.

The second criteria required themeteor’'s magnitude to exceed the
limiting magnitude, after taking into accodnsses forextinction, distance,
and themeteor’'s apparent angulavelocity. The extinctionloss, as a
function of air mass “X”, was based omaadratic fit to the tablef®ound
in Roth (1994, Appendix B)For a ground baseabserver thexpression
used for visual magnitudes was:

Am, =-0.003 X + 0.228 X - 0.225 X < 35 air masses (4)

Alternative formulations forextinction have been publishedsuch as the
model developed byoschny and Zender (2000), and could easily be
incorporated into future simulations

To obtain the extinction at higher obseraditudes, it was decided to
calculate the air mass at thew observer’sheightfor each elevation angle
and apply thegground-basee@xtinctionfor that airmass.The airmass is
given by integrating the density of th£#962 U.S.Standard Atmosphere
along an elevation lin’om the observeposition to a point 50 kilometers
in altitude. This is normalized bythe integral of air densityrom the
ground tothe zenith.Thus given the elevatiorand sensorheight, the air
mass Xwas computed and the magnitulitess due to extinctionAm,
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determined. Extinction losses are normalized to airmass = 1.0 (zenith). The
airmass is in fact less than one f@nith observations at altitude. Tloss

as a function oklevationfor ground based, mountaintop, and airborne
altitudes shows the advantage of an airb@eresor (Figure 9Clearly the
extinction lossesare farlower when imaging at théigh altitude of an
airborne mission and is a major contributor to high meteorcounts seen

by the aircraft’'s low elevation cameras during the storm.
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Figure 9. Extinction as a function of zenith angle for various sensor altitudes.

Magnitude losses for the meteodistance fronthe observebeyond 100
kilometers is accounted for with the expression:

Mm = 5.0 log, (Distance in km. / 100) (5)

The distancdoss isnormalizedfor a distance of100 km, hence there is
again a small magnitude gain near the zenith where the airclafsihan
100 km from a meteor positioned directly overhead.

The final magnituddoss expressiomcludes the effect of the apparent
angular velocity & of the meteor andhe shorttime span it spends on a
given pixel in theCCD camera. Thdoss istaken as(Jenniskenst al,
1998):

Mn = 2.5 l0g, (Wyeeor/ @

meteor 0) ((1)
Am=0

meteor> wo) (6)
< (,oo)

meteor
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where w, is thesubtended angular size tfe sky imaged by the pixel
divided by the integratiotime of thepixel. Thelossesare taken as zero
when the meteostayswithin a single pixelduring the entire integration
period of a singlevideo frame (1/60" of a second fointerlacedvideo),
otherwise there would be a net magnitude deom blind application of
the formula. The effect of angulaelocity loss is tolower thecounts of
higher elevation meteors since theyve afaster apparent angulaelocity
than those near the horizon.

Contributions to Magnitude Loss

L Velocity

Magnitude Loss
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Extinction
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Figure 10. Total magnitudeloss versus zenith angfer azimuth 180 and
Leonid radiant position as seen from ARIA at 2:00 UT November 18, 1999. The
losses include the effects of extinction, distance, and meteor angular velocity.

The combination of these thriessterms (FigurelO) is added to the
simulatedmeteor’sinitially assignedmagnitudewith the result compared
to the limiting magnitude. If a simulated meteor is brighter thatirtiigng
magnitude and appeaebove theobserver's horizon it ideclared as
having been detected. Here, itassumedhe sensing system hamity
response acrosthe field of view. For a human observer it would be
necessary to adddetection efficiency factor as a function of thi¢ axis
angle fromthe line-of-sightdirection,and to considedetection along the
entire luminous track of the meteor rather than just at the end pointhe
AL50R imager, the response across the field of view will be consiflated
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but adjustmentsvill be made to thesensorareadue to clipping of the
image in the corners and tilt of the imager with the horizon.

When all visibility criteria are passed, the meteor is coumteldbinned
into an azimuth Elevation table wittone degree resolutio®ne billion
simulated meteors are examingbducing an all-skynap of observable
flux for a given set of r-factor, radiant coordinates, entmglocity, end
height, limiting magnitudew,, and observer altitude. A final correction to
normalize evenpin to “meteorsper squaralegree” ismade by dividing
each counting bin by the cosine of the elevation angle.

6. Comparison of the Simulation with Observations
6.1. ESTIMATING THE SHOWER PARAMETERS

To make an estimate of the spatiimber density of meteoroids during
the Leonid storm, it isiecessary taletermine an r-factor, the magnitude
distributionindex, whichbest matcheshe observed measurements. For
the 1999 Leonids, results thus far for publishedsual data (Arltet al.,
1999), and a preliminargstimatefor radar andvideo data(Brown et al.,
2000), indicate am-factor of 2.3 onthe night of Novembed8, 1999.
These all have been based on binning magnitude counts aitder
computing the mass ratio or magnitude distribution index.

Theattempt inthis paper is tadetermine the r-factor independently of
magnitude estimates and rely on a simulation tool ntatch the
observations. If theamera can bassumed to responefually well over
the entire field ofview, then the variation in observeevationcounts can
be compared to simulated levels by varying the r-factor umgfdad match
is obtained. It waserified that the limiting magnituddid notvary below
20 degrees elevation by examining the sky background itowes half of
the image. Thaipper half did show a darkeky background, but the
critical area for the fits to slope in tiedevationcounts isbelow 20degrees
so the uniform response assumption is valid in that region.

A plot of meteorcounts (Figure 11) atach elevatiorior the AL50R
observations was determined by averagingcthents across iazimuth as
boththe measurements and simulatsimw aweak flux dependence on
azimuth for the southerly look direction. Aircraft pitch and vadre stable
enoughthat angle-pointing variations aly plus or minus onelegree
occurredover the timeperiod of interest. Thaverages weréaken over
three degree elevation swathsstoooth outhe effects of sample size and
platform pointing instability. The comparison of the measuypethts
(dots) tothe simulated curve&olid and dashed) fararious r-factors are
shown. Based on the simulated results,biet r-factor foundvas r=1.8
+0.1.
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Figure 11. Measuredmeteor countger square degreper hourcompared to
simulated counts for variousfactors. All curves have been normalized to
equivalent flux at thirty degrees elevation.

The discrepancy in the r-factavith other published results is puzzling.
We checked if the measurements on treund may be affected by
observing geometry and conditiongsing r = 1.8and determining the
actual magnitudeatiosthat wouldhavebeen observed by ddeo camera
on theground usinghe simulationtool, yielded an r-factor of..8 t01.9,
depending on pointing. Thus the model shows that there is no distortion of
the r-factor observed on thground relative to the initial particle
distribution in space. Thiseliminates one possible cause of the
discrepancy. It is assumduht the othepublished resulthavecorrected
for meteor distances. Ifiot, this could overestimate th@umber offaint
meteors and raise the r-factor. Another possibilityhet the magnitude
loss factorsare not modeled correctly in the simulatibor apparent
angularvelocity and somecamera slewests throughstellar fieldswould
help quantify the actual loss numbers.

The model alsproduces dotal meteoroictount in agiven volume of
space, which can be scaled to the acotoaints seen byhe camera and
applied toall elevationsThis in turn leads to a spatial dens#stimate of
meteoroidsabove a givermass.The masslimit is set by thelimiting
magnitude of thesensingsystem, which wafund to be +6.5 inthe raw
videoimagery. Although imagingrocessing othe videothrough multi-
frame averaging, mean removal and contrast enhancement carhisater
at best +7.5, the highdéimiting magnitude was adoptddr the simulation
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as theuser processedhe raw imagery without the benefit oimage
enhancement.

Scaling the initial simulation meteoroid count of one billigtn r-factor
of 1.8 toobtain thecounts per square degrebserved,resulted in a
simulation density of 1,000,000 particleser theperiod of observation.
Since the period of observatiaovered1:50:00-2:06:41 UT orl,001
seconds, a Leonid simulatiavith particle velocities of 7km/sec would
have along axis length of 71,071 kilometefEhe simulateccrosssection
of the spatialvolume was4.36 x 16 kn?, and thusthe averagespatial
density of meteoroids that produced the observed fluxfetasd to be 3.2
+ 0.8 particles per million cubic kilometers.

Thusthe averagdlux of the Leonids astorm peakwas0.80 + 0.20
particles per square kilometer per hour. If we adopt the Lorentzian profile
derivedfrom the meteorcounts in neareal-time(Jennisken®t al., 1999;
2000b), it is possible to relate the mean fluxheflux at the peak. Irthat
case, th@eakflux would then beD.80 x 1.03 = 0.82 £+ 0.1particles per
squarekilometer perhour. This fluxlevel is for particleswith intrinsic
magnitude brighter than p¥ +6.5,which isthought to besquivalent to a
mass of greater than 22 micrograms (Verniani, 1973; Hughes, 1987).

ALSOR 1:54:53 - 2:06:41 UT Simulated TOP seconds with r= 1.8

Llrwalicn (dag]

Adrruth jfegi fprmalkadeg]

Figure 12. Simulatedendpoint positionsfor the AL50Rfield of view (right)
for a time duration that matches the measured data plot of figure 3 (left).

6.2. QUSTERING ANALYSIS
The calculatedlux is computed as anean over theobserved area and

several minutes of time. Examination of the videotape givesrheession
there arewavesmeteors orshorttime scales and raisebe question: is
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there any spatial or temporal correlatibrat show significantdeviations
from the mean flux?

AL50R Measurements
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Figure 13. Histogram of time ofrrival differencesbetween successive meteors
for the measured_eonidsand acurve of the theoretical result for a spatially
random meteoroid distribution.
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Figure 14.Histogram of time ofarrival differencesbetween successive meteors
using the meteor simulation.
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The simulatedlux level for the AL50RIook direction of duesouth near

the horizon compares favorablyith the observed count distribution as
seen by the AL50R camera (Figur2). The simulation correctly predicts

the strongest flux measurements will occur at very low elevation angles due
to the lack ofany appreciable atmospheric extinction at hggnsor
altitudes.

There is some apparent spatial correlatiorthen observed dat#hat
deserves further attention. The observed pattéigure 12, left) seems to
show clusters and filaments on a spatial scale of about Shdnare not
apparent in the random simulated data (Fidigight). A moredefinitive
answer on spatial clumpingill need toawaitthe analysis of more of the
video record and a three dimension clustering evaluation.

Such spatial correlation can resulirom larger meteoroidsthat
disintegrated at some point fihe past. If such breakuwould occur on
approach of the Earth, one would expect temporal clustering of meteors on
time scales lesthan 1 second. Thesee smalletime intervalsthan have
been looked at before (e.g. Porubcan, 1988k, 1999). To address this
issue, a histogram wamsade of the timalifference between thirightest
point in the temporally adjacent metdoacks usingall meteors in this
analyzed video segment. Because of to the large range in meteor distances,
the times of arrival weradjusted to reflect the change position of the
meteor end point along the radiawgctor for the associated azimuth and
elevation angles of each meteor.

Comparison of the video measurements to the simulated case and also to
the theoretical curvéor a random distributiofollowing Porubcan (1968)
and Ofek (1999), all show no deviation from a uniformly random
distribution of meteoroids (Figure 13 afd). Atthe temporal resolution
of 66 milliseconds in theideo imagery (5 kilometers spatiallpr the
Leonids) there appears to be no clumping of meteors. We corttlaide
meteoroids do not tend to break up on approach to the Earth in the
interplanetary medium or in the Earth's magnetosphBegher, the spatial
correlation, ifreal, must result from breakup during a prior return of the
comet.Evenafter a single=volution, eacttluster of particleswill tend to
disperse like a dust trail and spread out rapidly prior to the time of arrival at
the Earth. It might even hgossiblethat such breakup occurs the comet
atmosphere shortly after ejection. In thase, temporal variatiorssich as
found in Figure 5may signify the breakup of larger grains, and density
correlations may exist over relatively large spatial scales.

7. Optimal Pointing in Flux Measurements
The remainder ofthis paper is concernedith the optimum viewing

conditions for fluxme_as_urements that follofkom the current simulation
model, as well as variations in flux measurements that can occur as a result
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of pointing choices otamerafields. This discussiommproves on earlier
results in Jenniskeret al. (1998;1999a).

@

Figure 15 (left). Simulated all-sky flux levels for an airborne imager and1.8.
Figure 16 (right). As Figure 15, for a ground based imager.

Figure 17. Magnitude losses due to tapparentvelocity impact on integration
time.

An illustration of the all-sky simulateflux levels for the night of the
Leonid stormmaximum isshown (Figure 15 and 16)The images are
oriented with azimuth zero up, with azimuthmeasuredpositive in a
clockwise fashion. The zenith is located dead center in the imtgé¢he
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horizon defined by the outer edge of the circular region. The radiant is
located right of center. The simulatexbultsare based on parameters at
the time ofpeak fluxfor Novemberl8, 1999 at 2h UT. Fothe ARIA’s
position, elevenkilometers highover theMediterranean Sea jusbuth of
Greece, the Leonid radiant was at edevation of 48 and anazimuth of

97°. The Leonidsvereassumed tdave anend height of 95 kilometers.
The camera’s resolution of 3.@rc minutes per pixelith 1/60 second
integration time was determined from an earlier fieldiedv calibration of

the star imagery which also yielded a limiting magnitude of 6.5.

Air & Ground Sensors - r factor 2.3
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Figure 18. Azimuth cut of flux for air and ground based sensors fordifferent
radiant elevation angles. These cuts were taken at theflpgaélevation of 3-4
degrees in the airborne case and 7-8 degrees in the ground case.

Comparing the airborne tground flux simulation for a given radiant
elevation and-factor of r =1.8, there is at least a three-fatdprovement

in the number of meteoseen by flying at high altitudes and looking at
low elevationangles (Figure 15 and 16). What alsanigresting isthat
ground based CCDmagers are betteoff pointing at alow elevation
towards the azimuth of the radiant to obtain the maxinmumber of
meteors recorded. This is becaube angularvelocity is minimized
(Figure 17). Another interesting feature in the all-sky flux plot is a hot spot
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of activity located at the radiaosition. This feature is due to a one to
two magnitude gain in detection of faint metemen their slow apparent
velocity in and aroundhe radiantposition ofthe otherwisefast moving
Leonids. However, it has been remarked befloat the veryslow moving
meteors near the radiant are not easily detectedvisual observedue to
their highly foreshortened tracks, leading to a typical loss in countkéaior
look direction (Jenniskens, 1999a).

Next, several curves are presented to show the impact of reléizatton
and azimuth,sensoraltitude, andlimiting magnitude on &et of simulated
flux counts (Figure 18 through 23). Astevation cuthroughthe radiant
and anazimuth cut near the maximum cowhvationangle are presented
in these figuresextractedfrom an all-sky simulation result similar to
figures 15 and 16. Unlestherwise indicated theesultsarefor a meteor
storm with r-factor of r = 2.3, a 71 km/sec entry velocity, 95 km hexight,
radiant azimuth near 97 degreesd a billioninitial particles passing
through anarea4.36x16 km?. The higherr-value is chosen toreflect
values reported by ground-based observers (Begdvah, 2000).

Figure 18 illustrategshe effect of azimuth of the pointing direction
relative to the azimuth of the radiant. These cutdargery low elevations
representative of the pealounts computedfFor the airborne case the
elevationangles selected arefew degreedower than theground’s peak
elevation due to extinction effects. Note that ¢bentsare integrateaver
one square degree amegnsorswith a wide field of view will have a
different total count response when integrated over their associateng
angles. In the southward direction of the AL50R sensor, flire is
relatively insensitive to azimutbut is at its lowestvalue because the
angularvelocity is atits highest (Figure 17). Thiwas advantageous for
our averaging the flux across the imager field of view but resultedossa
of nearly 30% of the potentially observable meteors. dar model, the
ground based system captures only 40% of those seenteoairfor the
same pointing direction.

Examining the elevation cuts passing through the radiant and 90 degrees
from the radiant (Figure 19 and 20) shalvs advantage again pbinting
in the direction of the radiant’s azimuth. The airborne basedorclearly
shows at least a three-falshprovement oveground basedneasurements
in observed flux levels in the loelevationdirections. This gain is because
below the radiant, the angular velocity is lower than elsewhere. The angular
velocity is very low near the radiant also, but that does not necessary lead to
higher meteorcounts (Jenniskenst al., 1998). Typically, the point
meteors are not easily identified in theisy background athe intensified
video cameras. The effect is clearer in photogragdiig,where the radiant
is an efficient aredor detecting meteord-or flux measurements, the
radiant is not a good location because the angelacity changes rapidly
with location in the field of view. That makes tresult extremelysensitive
to detector properties.
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Figure 19. Elevation cut of flux for eground-basedensor for twodifferent
radiant elevation angles. The bdides at elevation cuts that pass through the
radiant. The fine lines are elevation cuts for an azimuth nigegyeedrom the
azimuth of the radiant.
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Figure 20. Elevation cut of flux for amirborne-basedensor for twodifferent
radiant elevation angles. The bdides at elevation cuts that pass through the
radiant. The fine lines are elevation cuts for an azimuth nigegyeedrom the
azimuth of the radiant.



244 GURAL AND JENNISKENS

The impact of r-factor on the air agdound results showamilarity with

one another (Figures 21 and 22). Above 40 degrees elevation there is no r-
factor dependence on toféix observedOnly below 40degrees can the
combined effects oéxtinction, distanceand speed begin to spread the
curves as more of the fainter parts of the distributiommassed due to the
increasing magnitudwsses. Finally not until very low elevationangles

does the airborne flukevelssoar duehe dominating effects of extinction

on the ground. If the shower is dominated by fainter particles and a high r-
factor then it appears prudent to point the imager at somewhat higher
elevation, as noted before (Jenniskeinal, 1998).
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Figure 21.Elevation cut of flux for a ground sensor for different r factors.

Finally, the impact of limiting magnitude was examinbdcausdor the
2000 and 2002eonids, therawill be the interfering effects of moonlight
(Figure 23). Forthe airbornecase, thepresumption isthat the limiting
magnitude drop may amount to no more tBahimagn.,assuming a look
direction away from thenoon’s position inthe sky. Forthe groundcase
however the losseswould be0.5 magn. or perhaps as high A9 magn.
for non-ideal conditions. The impact is to lower the apparegtound
measured fluxes by 30 to 60 percent. Withoetterunderstanding of the
effects of light scattering on limiting magnitudes at varielevations, the
effect in the model is simply a scale factor on the flux in a given direction.
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Figure 22.Elevation cut of flux for an airborne sensor for different r factors.
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Figure 23. Elevation cut of flux for ayround-basedensor fordifferent limiting
magnitudes.
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In conclusion, overall pointing recommendations for video sensors in order
to maximize measured flux seerequivalentfor air and ground based
systems. Perpendicular tbe radiant alow elevationprovides highest
counts and uniform conditions across the field of view. Yet higher rates are
observed towards the azimuth of the radiantioat elevation angles.
However,poor detectability ofshortmeteor trails and a rapidly changing
angularvelocity with location in the field olview, makes theresults from

such observations extremely sensitive to detector properties.

In order tamprove our understanding ahe instrument properties in
relation to observing geometry and observing conditions, it is best to do
simultaneous measurements with multiple cameras at different azimuth and
elevation angles and compare tlksultswith a model as described in this
paper.Koschnyand Zendef2000) havepublishedthe first effort at this
approach.

Until now, only a small fraction oWideotaped datéasbeen analyzed.
Future work will concentrate on thegossible spatial and temporal
correlation detected ithis paper. Of particular interest fise information
that may be retrievedbout the ejectiomnd subsequent breakup lafge
meteoroids. Iraddition, the concentration of meteors near lthazon is
still a surprise in our opinion. Amnlikely low r-value wasneeded to
provide a realistidistribution of meteors in the simulation modelence,
the spatial model of meteor rates on shg needs to be furth@mproved
to accountor the observed increase of meteor rates near the horizon and
improve the absolute calibration of the meteor influx.
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